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Abstract 

Aim: The purpose of the current work was to demonstrate and compare the impacts of folate, methionine, and choline as methyl donors in the prevention of 
NAFLD induced by a high-fructose diet (HFrD). 

Material and Methods: Sixty adult male albino rats were divided into five groups: G1 had a control-fed basal diet; in G2, the rats were fed an HFrD containing 
45% fructose (HFrD); in G3, G4, and G5, the rats were fed an HFrD supplemented with folic acid, L-methionine, and choline chloride, respectively. The present 
study's findings showed a close connection between methyl donors and lipid metabolism. 

Results: The findings indicated that the folic acid supplemented diet (HFrD+ folate) exhibited the most substantial improvement in hepatic total lipids (TP), 
triacylglycerol (TG), phospholipid (PL), serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-c), free fatty acid (FFA), albumin (ALB), total bile 
acid (TBA), fasting blood glucose (FBG), proinflammatory cytokines levels, and enzyme activities of alanine transaminase (ALT), aspartate transaminase (AST), 
fatty acid synthase (FAS), and acetyl coenzyme A carboxylase (ACC). In the same context, L-methionine had the most significant improvement in oxidative 
stress biomarker (glutathione [GSH], superoxide dismutase [SOD], 4-hydroxynonenal [4-HNE)) levels, followed by folic acid and choline. 

Discussion: Methyl donors such as folic acid, methionine, and choline are essential for maintaining OCM and can prevent animals with NAFLD from developing 
liver lipid accumulation. 
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Introduction 

Nonalcoholic fatty liver disease (NAFLD) is a combination of 
conditions that are caused by an excessive buildup of fat in 
the liver. However, no medications have been approved for 
the treatment of NASH [1]. Therefore, since NAFLD is now 
considered a significant global health burden, discovering new 
drug targets for the treatment of NASH is vitally important. 

A metabolic mechanism called one-carbon metabolism (OCM) 
recycles one carbon atom through the methionine and folate 
cycles. This metabolism is vital for the management of amino 
acids, glucose, and vitamins in addition to the biosynthesis of 
macromolecules for the conservation of oxidation-reduction 
equilibrium and for the stabilization of the reaction of the 
methyl group, which makes methyl-group metabolism the link 
between epigenetic control and intermediate metabolism [2]. 
Various biochemical molecules such as vitamins and amino 
acids fuel the OCM cycle. As well as, the by-products of OCM 
are vital for a number of cellular functions. 

Folic acid acts as a carbon donor in the production of purines/ 
pyrimidine bases and serine from glycine. In order to re- 
methylate homocysteine into methionine, it also serves as 
a methyl donor to produce methylcobalamin. It has been 
demonstrated that dietary folic acid prevents the accumulation 
of hepatic lipids [3]. Folic acid and other methyl donors have 
been shown in numerous studies to have beneficial effects on 
chronic liver diseases [4]. 

Methionine is an essential amino acid for protein synthesis 
and growth, and free methionine is absorbed and converted to 
S-adenosylmethionine (SAM) [5]. SAM acts as a main sulfate 
and methyl-group donor in various biochemical reactions and 
is recommended for the treatment of particular diseases. 
Methionine metabolism, one of the key one-carbon metabolic 
pathways, connects the transsulfuration pathway to the 
folate cycle. It also acts as a precursor for the production of 
glutathione (GSH) in addition to being the main methyl! donor 
for the methylation of proteins, histone, phospholipids, nucleic 
acids, and biogenic amines [6]. 

Choline, a main methyl donor, is a crucial nutrient and a 
fundamental component of various essential neurochemical 
and physiological reactions. Choline deprivation boosts the 
reduction of free radicals from mitochondria due to changed 
mitochondrial membrane structure and accelerated fatty acid 
oxidation. An absence of choline also changes DNA methylation 
and decreases folate metabolism and thymidylate production 
[7]. The aim of the study is to assess the impacts of folate, 
methionine, and choline as methyl donors in the prevention of 
NAFLD induced by a high-fructose diet (HFrD). 


Material and Methods 

Chemicals 

Folic acid, L-methionine, and choline chloride were purchased 
from Now Foods company for natural food supplements, 
Bloomingdale, IL, USA. 

Animals and Experimental Design 

Adult male albino rats (8-10 weeks old) weighing between 128- 
137 g were used in the current study. The study was conducted 
from December 2022 to March 2023 and was approved by the 
Animal Care and Use Ethics committee at King Fahd Medical 


Research Center (KFMRC), King Abdulaziz University, Jeddah, 
Saudi Arabia. The rats were kept in air-conditioned animal 
housing at a temperature of 24°C in stainless steel cages, 
fed basal diet, and permitted water ad libitum throughout the 
experimental period (10 weeks). Sixty rats were classified into 
five groups (12 rats/group) as follows: 

[1] Group 1 (Control): Healthy rats fed a basal diet. The control 
rats received an isocaloric diet (protein 18.3%, starch 66.5%, 
and fat 5.2%). 

[2] Group 2 (HFrD): Rats fed an HFrD (45 g fructose/100 g diet) 
to induce NAFL. The rats received a diet containing 18.3% 
protein, 66.5% carbohydrate (consisting of 45% fructose and 
21.5% starch) and 5.2% fat. 

[3] Group 3 (HFrD + folic acid): Rats fed a diet of HFrD 
supplemented with 20 mg of folic acid/100 g. 

[4] Group 4 (HFrD + met): Rats fed HFrD supplemented with 0.9 
g L-methionine/100 g. 

[5]: Group 5 (HFrD + chol): Rats fed HFrD supplemented with 0.6 
g choline chloride/100 g. 

Sample Collection and Biochemical Assessment 

After 10 weeks, blood was drawn from the hepatic portal vein 
of ether-anesthetized rats that had fasted overnight. Serum 
samples were kept frozen at -20°C for later biochemical testing. 
The livers were removed, washed out with saline solution 
(NaCl 0.9%), then blotted on filter paper, weighted, and frozen 
immediately at -20°C for subsequent analysis. Liver lipids were 
extracted using the chloroform-methanol extraction technique. 
Kits of total lipids (TL), total cholesterol (TC), triacylglycerols 
(TG), total phospholipids (PL), high-density lipoprotein 
cholesterol (HDL), alanine transaminase (ALT), aspartate 
transaminase (AST), albumin (ALB), and total bile acids (TBA) 
were purchased from Siemens Healthcare Diagnostics, U.S.A. 
Kits for assessing fatty acid synthase (FAS), acetyl coenzyme 
A carboxylase (ACC), and free fatty acids (FFA) were purchased 
from Bioassay Technology Laboratory (BT LAB), UK. Reduced 
GSH, 4-hydroxynonenal (4-HNE), and superoxide dismutase 
(SOD) kits were purchased from Bio Vision Inc. Co., USA. Kits for 
the assessment of tumor necrosis factor (TNF-a), interleukine-6 
(IL-6), and interleukine-1 B (IL-18) were purchased from Kamiya 
Biomedical Co. CA. USA. 

Statistical Analysis 

Data were statistically analyzed using SPSS software program 
(version 22.0) The results were presented as mean + standard 
error (n = 12). The one-way analysis of variance (ANOVA) 
test was used to find the differences between mean values. 
Statistics were considered significant for P values under 0.01. 
Ethical Approval 

Ethics Committee approval for the study was obtained. 


Results 

HFrD rats showed a significant increase (P < 0.01) in absolute 
and relative liver weight compared with the control group. 
However, those that consumed folate and choline supplemented 
diets showed a significant reduction (P < 0.01) in both relative 
and absolute liver weights (Table 1). 

Rats in the HFrD group showed significant dyslipidemia. Hepatic 
TG and TL and serum TC and LDL values were significantly 
elevated compared with the control rats, with decreased serum 
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Table 1. The effect of various treatments on absolute and relative liver weight. 


Groups Absolute liver weight (g) Relative liver weight (g) 
Control 7.21 £1.10 3.27 + 0.35 
HFrD 9.852 + 1.78 4.95 + 0.62 
HFrD + folate 7.76" + 0.57 3.84% +025 
HFrD + methionine 8.542 + 0.70 4.244 +0.35 
HFrD + choline 7.33% +052 3.94°+0.15 


Values are expressed as means + SE. (n = 12); a = significance against control; b = significance against HFrD group; c = significance against HFrD+ folate group; d = significance against 


HFrD+ Met. at P < 0.01 


Table 2. The effect of experimental diets on the levels of biochemical variables. 


HFrD + folate 


HFrD + met. 


HFrD + chol. 


71.07 + 5.5 122.2 + 8.1 86.244 5.3 
63.854 23 O27 Set 4 875+ 3.8 
22.2%42.1 18.77 41.1 21.2%423 
BSS sy 102 SiOb ese G2veet = 12 
152.3% + 3.5 170.1 + 5.2 172.3% + 6.1 
59.1*°+0.90 B52 10:50 Bia pases (0) x10) 
69.8% + 1.10 93.4% + 1.06 87.5% + 0.05 
3.90° + 0.4 2S5> +1015 SSI (OS) 
39.1% + 1.9 69.5% + 2.5 42.544 42.5 
67.2% +41 100.37 + 4.9 78.5 abd + 4.8 
79.3% + 5.3 185.3% + 9.7 109.1 4 + 3.9 
0.85% + 0.08 1.05 ** + 0.04 0.992 + 0.06 
45.22% 42.2 58.13 + 3.2 56.05 *** + 2.8 
8.02 *° + 0.05 8.95 + 0.09 8.802 + 1.00 


Groups Control HFrD 

TL (mg/g) 62.85 + 3.20 145.5°+7.5 
TG (mg/g) 59.51 + 2.30 101.2745 
Total PL (mg/g) 23.21 + 1.90 16.77413 
FBG (mmol/L) 4.150 + 1.08 8.952 +1.25 
TC (mg/dl) 143.50 + 1.3 235.1°+9.1 
HDL-c (mg/dl) 65.20 + 1.05 32.7? + 0.80 
LDL-c (mg/dl) 52.40 + 0.05 188.3* + 4.10 
ALB (g/dl) 4.60 + 0.30 2.557 +0.2 
TBA (ymol/L) 36.30 + 2.3 73.52425 
ALT (IU/L) 42.50 +1.80 142.5°+75 
AST (U/L) 69.30 + 4.20 222.3°+8.1 
FFA (umol/ml) 0.650 + 0.07 1.50? + 0.06 
FAS (ng/ml) 35.55 + 2.10 72.73 + 3.10 
ACC (ng/ml) 7.05 + 0.055 11.52? + 1.00 


Values are expressed as means + SE. (n = 12); a = significance against control; b = significance against HFrD group; c = significance against HFrD+ folate group; d = significance against 


HFrD+ Met. at P < 0.01 


Table 3. The effect of experimental diets on oxidative stress biomarkers and proinflammatory cytokines. 


Groups Control HFrD 
4-HNE (ng\ml) 191.50 + 9.22 235.207 + 11.2 
SOD (U/ml) 153.30 + 5.80 92.50° + 6.20 
GSH (ng/ml) 19.20 + 1.50 8.357407 
TNF-a (pg/ml) 8.75 +08 24.1743.5 
IL-6 (pg/ml) 5.2 + 0.08 13.1403 
IL-18 (pg/ml) 7.55407 16.95%+1.1 


HFrD + folate HFrD + met. HFrD + chol. 


203.30” + 7.3 225.40* + 8.5 205.70%4 + 9.2 


140.36” + 7.5 145.202 + 4.6 S527 5eeueG.5) 


17.33" 41.1 19.28% +13 15.37% + 0.9 
12.37% +13 185° 41.7 14.1744 2.1 
5.93>+0.1 7.3% + 2.8 6.9% + 1.8 
11.50% 40.9 pS Siedeal 1005 4+ 1/3 


Values are expressed as means + SE. (n = 12); a = significance against control; b = significance against HFrD group; c = significance against HFrD + folate group; d = significance against HFrD 


+ met. at P < 0.01. 


levels of HDL-c and hepatic total PL. Whereas, rats fed on 
folate-, choline-, and methionine-supplemented diets showed 
a considerable reduction (P < 0.01) in TL, TG, TC, and LDL-c 
levels. Results demonstrated that the folate-supplemented 
group (HFrD+ folate) exhibited the greatest advancement in 
lipids biomarker values, followed by the choline and methionine- 
added groups, respectively, when compared to the HFrD group. 
HFrD-induced liver function disturbance was denoted as a 
significant reduction (P < 0.01) in the serum values of ALB, 
significant increases in serum TBA levels, and activities of ALT 
and AST enzymes compared with the control group. There was 
an improvement observed in serum ALT and AST activities 
and ALB and TBA levels in rats that had been fed on diets 
supplemented with folate (HFrD+ folate) and choline (HFrD+ 
choline) compared with the control group. Serum levels of FFA, 
FAS, and ACC activities were increased in the HFrD rats 


compared with the control rats. An improvement was observed 
in the folate-treated rats (HFrD + folate) compared to the HFrD 
rats. No significant differences in serum FAS and ACC activities 
were found between rats supplemented with methionine or 
choline. (Table 2). 

The results in Table 3 showed that HFrD-prompted oxidative 
stress and was represented as a substantial (P < 0.01) decrease 
in SOD and GSH levels and an elevation in 4-HNE level when 
compared with the control rats. Alternatively, feeding the rat 
with folate (G3), methionine (G4), or choline (G5), improved 
the levels of oxidative stress biomarkers. The L-methionine- 
supplemented group, followed by the folate- and choline- 
supplemented groups, experienced the greatest improvements 
in oxidative stress biomarker values. Moreover, the results 
illustrated that the values of TNF-a, IL-6, and IL-18 in rats fed 
diets supplemented with folate, methionine, and choline were 
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substantially upregulated when compared with the control rats. 


Discussion 

NAFLD pathogenesis has been linked to altered OCM. The 
current study results verified that feeding rats high-fructose 
diets resulted in considerable changes in the hepatic OCM 
pathway, which significantly increased serum TC, FFA, FBG, 
hepatic TL, hepatic TG, and LDL. The findings of the current 
work have shown a strong correlation between methyl-donor 
and lipid metabolism. The results displayed that the folate- 
supplemented rats (HFrD+ folate) exhibited the greatest 
improvement in hepatic TL, hepatic TG, hepatic PL, serum 
TC, LDL-c, FFA, and FBG levels and enzyme activities of FAS 
and ACC, followed by choline- and methionine-supplemented 
diets. Previous studies have demonstrated that folic acid 
supplementation had a positive influence on hepatic TG levels 
and attenuated the inflammatory response in mice fed a high- 
fat diet [8]. Additionally, studies have revealed that folic acid, 
through the hepatic activated protein kinase pathway, may 
lessen abnormal lipid metabolism and cholesterol deposition 
in the liver [9]. Significantly reduced FBG values in the folate 
group suggested that folic acid might be implicated in the 
management of glucose metabolism in disorders like NAFLD. 
OCM and NAFLD may be linked by a number of processes, but 
it appears that the production of very low-density lipoprotein 
(VLDL) and liver lipid export are the most significant. 

Choline is used in transporting TG in VLDL, and abnormally high 
levels of one-carbon metabolites may decrease the secretion 
of VLDL, which then causes fat to build up in the liver. Since 
phosphatidylcholine is necessary for the formation of the 
VLDL envelope, its absence prevents the liver from exporting 
triglycerides, which causes them to build up in the cytosol. 
Phosphatidylcholine is formed in the liver by methylation of 
phosphatidyl-ethanolamine or from integration of preformed 
choline from food [10]. It has been suggested that choline 
supplementation had no protective impact on fatty liver in male 
mice fed a choline supplemented high-fat diet at a dose of 1.3 
g/kg. However, they maintain mice blood cholesterol values 
within the normal range, thus improving their ability to function 
and preventing harmful liver changes [11]. Studies have also 
demonstrated that choline’s three labile methyl groups can 
be released and used to treat steatosis in mice [12] and via 
direct combination with phospholipid through the cytidine 
5’-diphospho-choline pathway [13]. 

Methionine and folate pathways are connected in OCM. 
Methionine content is influenced by dietary intake, protein 
breakdown, andthe remethylation of homocysteine (Hcy). Several 
processes, such as remethylation by methionine synthase, 
can convert Hcy back into methionine, which is constrained 
by 5-methyltetrahydrofolate’s (methyl-THF) availability or 
betaine synthesized from choline. S-adenosylmethionine (SAM) 
can then be produced from methionine, which is used in the 
majority of methyltransferase reactions as a universal methyl 
donor, such as the synthesis of phospholipids and methylation 
of proteins and nucleic acids [14]. Then, SAM is changed into 
S-adenosyl-L-homocysteine (SAH), and finally into Hcy. This 
Hcy remethylation process connects the methionine cycle to 
the folate cycle. Methyl-THF is produced from folate that is 


absorbed from dietary food, the predominant form of folate 
found in plasma. Then, folic acid supplement enters the cycle 
by dihydrofolate (DHF). In these pathways, the main function 
of folate is supplying or receiving one-carbon units. However, 
THF is the main acceptor molecule that is transformed into 
5,10-methylene tetrahydro-folate (methylene-THF) and then 
by the methylene-THF reductase enzyme, resulting in the 
formation of methyl-THF. The methyl group methyl-THF is then 
used in the Hcy remethylation reaction [15]. 

Oxidative stress is the primary consequence of the abnormal 
functioning of one-carbon and lipid metabolic pathways. The 
results indicated that HFrD induced inflammation and oxidative 
stress denoted as a significant decrease in serum values of 
oxidative stress markers (GSH and SOD) and a significant 
increase in 4-HNE and proinflammatory cytokines values 
(TNF-a, IL-6, and IL-1B8). As a methionine metabolite, GSH is the 
most abundant non-protein sulfhydryl group in cells, which is a 
protective agent against oxidative stress. In addition to GSH 
and SOD, 4-HNE is a well-known inducer of oxidative stress and 
one of the main end products of lipid peroxidation. It also plays 
a significant role in scavenging ROS in mammals [16]. 

Various studies postulated that fructose consumption boosts 
free radical formation and inflammation response [17]. It is 
proposed that fructose supports the transition from NAFLD 
to NASH. In mild inflammation, lipids promote inflammatory 
liver by the formation of unusual cytokines such as IL-6, TNF-a, 
and IL-1 B. Cytokine formation prevents insulin signaling in 
hepatocytes, resulting in hyperglycemia. A key, and early, 
complication is the induction of hepatic VLDL synthesis or 
increased free fatty acids flow from adipose tissue into the 
liver [18]. Oxidative stress is initiated because of the excessive 
production of reactive oxidants and protecting antioxidants, 
causing interrupted redox signaling, which ultimately results 
in DNA damage and molecular tissue damage. Numerous liver 
conditions, including NAFLD, are characterized by oxidative 
stress, in which free radicals damage proteins, lipids, and cell 
membranes, leading to tissue damage [19]. Previous animal 
models of NAFLD have revealed a relationship between the 
extent of steatosis and lipid peroxidation in the liver [20]. It 
has been proven that reactive oxygen species have an impact 
on numerous processes leading to hepatic fibrosis. A number 
of correlated pro-oxidative mechanisms function together, 
including mitochondrial dysfunction. Increased FFA metabolism 
and lipotoxicity may be the cause of diminished mitochondrial 
function [19]. The influx of FFAs and accumulation of TG in 
the hepatocytes are the primary mechanisms by which NAFLD 
develops. 

Moreover, the findings of this study demonstrated that HFrD- 
induced liver function disturbance was represented as a 
significant reduction in serum levels of ALB and significant 
increases in serum TBA levels and activities of ALT and AST 
enzymes. Recovery was observed in serum values of ALT and 
AST activities, ALB, and TBA in rats that were fed on diets 
supplemented with folate, methionine, and choline. AST and 
ALT are formed mainly in the liver and increased levels of these 
enzymes in the serum are directly related to liver damage 
progression. Combinations of serum proteins and metabolites 
are also used to determine the severity of certain liver 
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alterations, for instance, TBA or bilirubin [21]. 

Enzymes like FAS, one of the important metabolic enzymes for 
lipogenesis, may contribute to the promotion of NAFLD. In this 
pathway, acetyl CoA is transformed into malonyl CoA by ACC, 
and this molecule is then transformed into long-chain saturated 
fatty acids by FAS. Nutritional supplements containing folate, 
choline, and methionine have been demonstrated to slow 
the enhancement of NAFLD. The current study’s findings 
demonstrated that the levels of GSH, SOD, 4-HNE, TNF-a, 
IL-6, and IL-1B in rats fed on diets supplemented with folate, 
methionine, and choline were significantly upregulated. The 
values of serum inflammatory biomarkers partly displayed 
the inflammatory response during disease progression. The 
methionine and folate-supplemented rats had the most 
significant improvement in oxidative stress and inflammatory 
biomarkers levels followed by the choline-supplemented groups. 
Elevated levels of antioxidant biomarkers following folic acid, 
methionine, and choline supplementation may suggest an 
increase in antioxidant defenses against free radical damage. 
In this research, supplemental folic acid altered oxidative 
status markers by reducing oxidative stress. Recent studies 
have suggested that folate may have preventive effects 
through free-radical scavenging activity. However, folic acid 
supplementation had positive effects on hepatic TG levels and 
reduced the inflammatory stimulus in mice fed a high-fat diet 
[22]. Previous research has shown that dietary choline might 
modify immune responses by upregulating mRNA expression of 
the anti-inflammatory cytokine IL-6 and downregulating pro- 
inflammatory biomarker synthesis in vertebrates [23]. 

In conclusion, methyl-donor supplementation can prevent 
the advancement of lipid accumulation in the liver tissues of 
animals with NAFLD. Methyl-donor supplementation resulted 
in major changes in OCM metabolites and decreased hepatic 
free fatty acid values. These effects are associated with an 
increased FAS and ACC activity that links Cl-metabolism 
and B-oxidation. In conclusion, our research has shown that 
supplementing with methyl donors can prevent the progression 
of lipid accumulation in liver tissues with NAFLD. 
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